Abstract
. In addition to the primary sources, amides can be 78
formed from the degradation processes of amines (Nielsen et al., 2012) and atmospheric accretion 79 reactions of organic acids with amines or ammonia (Barsanti and Pankow, 2006) . 80
Once in the atmosphere, amines and amides can react with atmospheric oxidants (e.g., OH and 81 Atmospheric amines have been measured in different surroundings. Kieloaho et al. (2013) used 90 offline acid-impregnated fiberglass filter collection together with analysis by high performance liquid 91 chromatography electrospray ionization ion trap mass spectrometer, and reported that the highest 92 concentrations of C 2 -amines (ethylamine (EA) + dimethylamine (DMA)) and C 3 -amines (propylamine 93 (PA) + trimethylamine (TMA)) reached 157±20 pptv (parts per trillion by volume) and 102±61 pptv, 94 respectively, in boreal forests, southern Finland. Using a similar detection method, the mean 95 concentrations of C 2 -amines (EA+DMA), C 3 -amines (PA+TMA), butylamine (BA), diethylamine 96 (DEA) and triethylamine (TMA) were measured to be 23.6 pptv, 8.4 pptv, 0.3 pptv, 0.3 pptv, and 0.1 97 pptv, respectively, in urban air of Helsinki, Finland (Hellén et al., 2014) . Detection of gaseous alkyl 98 amines were conducted in Toronto, Canada using an ambient ion monitor ion chromatography system, 99 and the concentrations of DMA, and TMA+DEA were both less than 2.7 ppt (VandenBoer et al. 2011) . 100
Recently, online detection of atmospheric amines using chemical ionization mass spectrometer is 101 becoming the trend. Yu and Lee (2012) (CIMS) with protonated ethanol and acetone ions as reagent ions to measure C 2 -amines (8±3 pptv) 103 and C 3 -amines (16±7 pptv) in Kent, Ohio. A similar method detected a few pptv to tens of pptv 104 C 3 -amines in Alabama forest (You et al., 2014) . Sellegri et al. (2005) reported the mean concentration 105 of TMA and DMA were 59 pptv and 12.2 pptv, respectively, in Hyytiälä forest, with a 106 quadrupole-CIMS with hydronium ions as reagent ions. Measurements of amines in urban areas did 107 not show significant differences in terms of concentration. The average of total amines (C 1 -C 3 ) was 108 7.2±7.4 pptv in Nanjing, China, as measured by a high resolution time-of-flight CIMS 109
(HR-ToF-CIMS) with hydronium ions as reagent ions (Zheng et al., 2015) . Measurements by an 110 ambient pressure proton transfer mass spectrometer (AmPMS) in urban Atlanta showed that 111 trimethylamine (TMA) (or isomers or amide) was the most abundant amine-species and that the 112 concentration of DMA was ~3 pptv (Hanson et al., 2011) . 113
To the best of our knowledge, gaseous amides were not previously measured in ambient air, 114 except for two studies that briefly described the detection of a few amides near the emission source. mono-ethanolamine in emissions from an industrial carbon capture facility, using proton transfer 117 reaction time-of-flight mass spectrometry (PTR-ToF-MS). Furthermore, up to 4350 pptv of 118 dimethylamide was observed near a municipal incinerator, waste collection center and sewage 119 treatment plant (Leach et al., 1999) . 120
Given the important role of amines in atmospheric nucleation and other physio-chemical 121 processes, and the potential involvement of amides in a number of atmospheric processes, it is 122 necessary to develop high time resolution and highly sensitive detection techniques for measurements 123 of ambient amines and amides. Previous studies have proven CIMS to be a powerful instrument to 124 detect gaseous amines and amides in laboratory studies and field campaigns (Borduas et In the present study, a HR-ToF-CIMS method utilizing protonated ethanol as reagent ions has 137 been developed to simultaneously detect atmospheric gaseous amines (C 1 to C 6 ) and amides (C 1 to C 6 ). 138
Protonated ethanol was selected as the reagent ions because the higher proton affinity of ethanol 139 (185.6 kcal mol -1 ) than that of water (165.2 kcal mol -1 ), as shown in Table 1 , results in more 140 selectivity for detecting high proton affinity species (e.g. > 196 kcal mol -1 for amines and amides) 141 pressures of the IMR chamber and the small-segmented quadrupole (SSQ) were regulated at ~100 157 mbar and ~2.8 mbar, respectively, to increase the instrument sensitivity. Under such conditions, the 158 ion-molecular reaction time was ~320 ms in the IMR. To minimize wall-loss of analytes on the inner 159 surface of IMR, the temperature of IMR was maintained at an elevated temperature (50°C Figure S1 . 
where n = 1, 2, and 3, and j = 0 and 1. 176
Calibration of amines and amides 177
Amines and amides were calibrated using permeation sources. Permeation tubes for amines 178 (methylamine (MA), dimethylamine (DMA), trimethylamine (TMA), and diethylamine (DEA)) were 179 purchased from VICI Inc. USA, whereas those for amides (formamide (FA), ≥ 99.5%, GC, Sigma 180 Aldrich; acetamide (AA), ≥ 99%, GC, Sigma Aldrich; and propanamide (PA), ≥ 96.5%, GC, Sigma 181 Aldrich) were home-made using 1/4 inch Teflon tubes with the ends sealed with Teflon blockers. The 182 permeation tube was placed in a U-shape glass tube with a diameter of 2.5 cm that was immersed in a 183
liquid bath with precise temperature regulation (Zheng et al., 2015) . A high purity (≥99.999%) 184 nitrogen flow typically at 0.1 L min -1 was used as the carrier gas to carry the permeated compounds to 185 HR-ToF-CIMS for detection. 186
The concentration of an amine in the outflow of the permeation tube was referred to that as 187 determined by an acid-base titration method (Freshour et al., 2014) . The high purity nitrogen flow 188 containing an amine standard was bubbled through a HCl solution (pH = ~4.5) with a small amount of 189 The total ethanol reagent ion signals during the laboratory calibration were typically ~0.32 MHz. 200
Influence of RH and organics 201
Experiments were performed to characterize the influence of RH and organics on the detection of 202 amines and amides. The schematics of our experimental setup are shown in Figure S2 
Field campaign in urban Shanghai 219
The ethanol HR-ToF-CIMS was deployed for a field campaign at the Fudan site (31° 17′ 54" N, 220
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-484, 2016 Manuscript under review for journal Atmos. Chem. Phys. Direct gas sample analysis occurs with the HR-ToF-CIMS during simultaneous particle collection on 246 a PTFE filter via a separate dedicated port. Particle analysis occurs via evaporation from the filter 247 using temperature-programmed thermal desorption by heated ultra-high purity nitrogen upstream of 248 the HR-ToF-CIMS. A moveable filter housing automatically switches between the two modes. In our 249
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-484, 2016 Manuscript under review for journal Atmos. Chem. Phys. were auto-performed for 5 min by a motor-driven three-way Teflon solenoid valve, utilizing a high 254 purity nitrogen flow as the background gas. Figure S4 shows typical background signals during an 255 ambient sampling period of 3 h. The average ambient background concentrations of amines (C 1 to C 6 ) 256
and amides (C 1 to C 6 ) throughout the field campaign are presented in Table 1 . The inlet memory of 257 amines and amides were determined using an inlet spike approach. As shown in Figure S5 , the signals 258 
Sensitivities and detection limits 276
The permeation rates of amines and amides were determined adopting methods of acid-base 277 titration and hydrolysis of alkyl-amides in an acidic solution, respectively. A typical plot for 278 determination of the permeation rate of the DEA permeation tube is shown in Figure S6 . Plots for FA 279 (C 1 -amide) and PA (an isomer of C 3 -amide) are used as examples for amides, as shown in Figure S7 . 280
In summary, at 0℃, the permeation rates of MA, DMA, TMA, and DEA permeation tubes were 6.9 ± 281 0.7, 7.4 ± 0.2, 5.1 ± 0.8, and 12.7 ± 0.9 ng min -1 , respectively. Permeation rates of home-made FA, 282 AA, and PA permeation tubes were 36.7 ± 2.4, 5.2 ± 0.5, and 29.1 ± 1.6 ng min -1 , respectively, at 0℃. 283
The high purity nitrogen flow carrying the permeated amine/amide was then diluted with another 284 high purity nitrogen flow at different dilution ratios, and directed to HR-ToF-CIMS for detection 285 under dry conditions (RH = ~ 0%). Figure S8 shows the calibration curves of C 1 -to C 4 -amines and 286 
Effects of RH and organics 295
The presence of high concentrations of water is believed to have an effect on the ion-molecular 296 reactions in IMR, given the proton transfer nature of our ion-molecular reactions and the high IMR 297 pressure (providing longer ion-molecular reaction time) in our study. The detection of constant 298
concentrations of amines and amides by HR-ToF-CIMS at various RH was characterized to evaluate 299 the influence of RH. Examined were MA (C 1 -amine) and TMA (C 3 -amine) under 0-65% RH at 23℃, 300 corresponding to 0-70% and 0-49% enhancement in the MS signal, respectively. In the case of amides, 301 the increase of the PA (C 3 -amide) signal was 0-38% under 0-55% RH. These results show that RH has 302 an obvious effect on the MS signals for amines and amides, which followed sigmoidal fits with the 303 R 2 ≥0.97 in the examined RH range (Figure 1 ). 304 
Detection of amines and amides in urban Shanghai 313

Identification of nitrogen-containing species 314
One major challenge during analysis of mass spectra from the field deployment of the ethanol 315 HR-ToF-CIMS is to distinguish amines and amides with very close m/z values in order to achieve 316 simultaneous measurements. Thanks to the high mass resolving power (R≥3500 in V-mode) of our 317 for each of them in Figure 3 . The assignment of molecular formulas for these species is within a mass 324 tolerance of < 10 ppm. 325
HR-ToF-CIMS, we are able to distinguish and identify the following protonated amines (CH
We further analyzed the entire mass spectra and assigned a molecular formula to 200 species 326 with m/z values less than 163 Th as listed in Table S1 , which allows a mass defect plot for typical 327 15-min mass spectra in Figure 4A . In addition to the protonated C 1 to C 6 -amines and amides, their In addition to the protonated C 1 to C 6 -amines and C 1 to C 6 -amides and their clusters with ethanol, 337
we were able to detect many other nitrogen-containing species (e.g. ammonia). Among the 200 338 species with m/z less than 163 Th, there were 86 nitrogen-containing species ( Figure 4B and Table S1 ). 339
Four imines (or enamines) including CH 3 N, C 2 H 5 N, C 3 H 7 N, and C 4 H 9 N were detected. These imines 340 (or enamines) could derive from photo-oxidation of amines (Nielsen et al., 2012) . In addition, a 341 number of heterocyclic nitrogen-containing species including pyrrole, pyrroline, pyrrolidine, pyridine, 342 and pyrimidine were potentially detected (see Table S1 ). Apart from clusters of ammonia, C 1 -to 343 C 6 -amines, and C 1 -to C 6 -amides with water or ethanol, there were forty-eight C a H b N c O d species 344 representing 55.8 % of the total nitrogen-containing species. This suggests that more than half of the 345 nitrogen-containing species existed as oxygenated compounds in the atmosphere in urban Shanghai. 346
The rest 114 species with m/z less than 163 Th are mostly organics (see Table S1 ). Above 347 m/z=163 Th, numerous mass peaks were observed, which are likely organics and nitrogen-containing 348 species. These high-molecular-weight species are assumed to have a low volatility and may partition 349 between the gas phase and the particles. 
Time profiles of amines and amides 351
During the field measurement, the average RH of the diluted gaseous samples was 15.8±3.5%. 352
According to our laboratory characterization, the MS signals of MA, TMA, and PA at 15.8% RH have 353 been in average enhanced by 10%, 9%, and 19%, respectively, from our calibration under dry 354 condition. Here, we use our sigmoidal fits to convert each of our ambient data points to the signal 355 under dry condition (RH = ~0%), and calculate the corresponding concentration. Since MA and TMA 356 behaved quite similarly at elevated RH, the sigmoidal fit for TMA is also applied to the C 2 -amines and 357 C 4 -to C 6 -amines. Also, the sigmoidal fit for PA is adopted for other amides. Since high purity 358 nitrogen (RH = ~0%) was used as the background sample during the ambient campaign, no 359
RH-dependent correction was made with background signals. 360
Assuming C 1 -to C 4 -amines have the same proton affinity as MA, DMA, TMA, and DEA, 361 respectively, the sensitivities of MA, DMA, TMA, and DEA were used to quantify C 1 -to C 4 -amines. 362
Since C 5 -to C 6 -amine standards are unavailable, the sensitivity of DEA by HR-ToF-CIMS was 363 adopted to quantify C 5 -to C 6 -amines. A similar approach was utilized to quantify C 1 -to C 3 -amides by 364 sensitivities of FA, AA, and PA, respectively. In addition, the sensitivity of PA was used to quantify 365 C 4 -to C 6 -amides. 366 Figure 5 presents the time profiles for mixing ratios of C 1 -to C 6 -amines and C 1 -to C 6 -amides, 367 respectively, from 25 July to 25 August 2015 in urban Shanghai. Note that each date point in the 368 figure represents an average of 15-min measurements. Table 2 summarizes the mean concentrations of 369 C 1 -to C 6 -amines and C 1 -to C 6 -amides throughout the entire campaign, together with comparison of 370 amine and amide concentrations reported in previous field studies. 371
For C 1 -to C 6 -amines, the average concentrations (±σ) were 15.7±5.9 pptv, 40.0±14.3 pptv, 372
1.1±0.6 pptv, 15.4±7.9 pptv, 3.4±3.7 pptv, and 3.5±2.2 pptv, respectively. C 1 -amine, C 2 -amines, and 373 . However, our C 3 -to C 6 -amines are less, potentially 379 because we are able to distinguish an amine, an amide with one less carbon, and an oxoamide with 380 two less carbons (see Figure 3) . 381
For C 1 -to C 6 -amides, the average concentrations (±σ) were 2.3±0.7 pptv, 169.2±51.5 pptv, 382 778.2±899.8 pptv, 167.8±97.0 pptv, 34.5±13.3 pptv, and 13.8±5.2 pptv, respectively. C 2 -amides, 383 C 3 -amides, and C 4 -amides were the most abundant amides in urban Shanghai during the campaign 384 and their concentrations were up to hundreds of pptv. Especially, the concentration of C 3 -amides 385 reached ~8700 pptv. Up to now, studies that report systematical identification and quantification of 386 amides in the ambient air are lacking. Leach et al. (1999) detected N,N-dimethylformamide (an isomer 387 of C 3 -amides) of 368-4357 pptv in a suburban area surrounded by municipal incinerator, waste 388 collection and processing center, and sewage treatment plant. In the ambient air, C 1 -to C 6 -amides may 389 derive from oxidation of C 1 -to C 6 -amines. N,N-dimethylformamide is a major product with a yield of 390 ~40% from photolysis experiments of TMA under high NO x conditions (Nielsen et al, 2011) . Also, the 391 yields of formamide (C 1 -amide) and methylforamide (C 2 -amide) from OH-initiated MA and DMA in 392 the presence of NO x are ~11% and ~13%, respectively (Nielsen et al, 2012) . Comparison of the 393 abundance of amines and amides during the campaign, together with the yields of amides from 394 photo-oxidation of amines, suggests that the ambient C 1 -to C 3 -amines were insufficient to explain the 395 observed abundance of C 1 -to C 3 -amides. Therefore, in addition to secondary sources, C 1 -to 396 C 6 -amides likely were emitted from primary sources (e.g. industrial emissions). 397 indicates that wet deposition (or heterogeneous reactions) is also an important sink for amides. 404
Diurnal patterns 405
Figure 7 presents the averaged diurnal variations of C 1 -and C 2 -amines and C 3 -and C 4 -amides, 406 together with those of temperature, radiation, and ozone concentration during the campaign. Diurnal 407 patterns for amines and amides with less variation are exhibited in Figure S9 . Mixing ratios of C 1 -and 408 C 2 -amines and C 3 -and C 4 -amides reached their peak values in the early morning (6:00~7:00am), and 409 then started to decline as the temperature increased. The mixing ratios were normally the lowest 410 during the day when the temperature rose to the top. The diurnal behavior of amines and amides can 411 be explained by the strong photochemical reactions of these species during the daytime (Barnes et al., and its potential precursor TMA (an isomer of C 3 -amines) in respect to reactions with OH radicals are 439 ~3 h and ~10 h, respectively, using an 12 h-average OH radical concentration of 2×10 6 radicals cm -3 , 440 C 3 -amides were likely emitted or formed along the trajectory. As shown in Figure 8A nitrogen-containing compounds (e.g. pyridine and quinoline) (see Table S1 ) were potentially detected 474 by this method. Berndt et al. (2014) reported that pyridine was able to enhance nucleation in 475 H 2 SO 4 /H 2 O system. Also, proton affinities of most of these heterocyclic nitrogen-containing 476 compounds are higher than that of ammonia, hence they potentially have the capacity to neutralize 477 atmospheric acidic species (e.g. H 2 SO 4 , HNO 3 and organic acids) to contribute to secondary particle 478 formation and growth. 479
Nevertheless, the detection of amides in ambient air is consistent with the photochemical 480 chemistry that has been previously studied in the laboratory (Nielsen et al, 2012) . 
